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SONIC LIMITATIONS AND STARTUP PRCflLEMSOF HEAT PIPES

.

.

by

J. E. Deverall, J, E. Kemme, and L. W. Florschuetz

ABSTRACT

In the design of heat pipes, consideration must be given not
only to the internal structure and fluid dynamics of the pipe but
also to the external conditions imposed upon it. Several tests of
heat pipes were made under different operating conditions to demon-
strate the effect of sonic vapor velocities and related startup
problems which influence heat-pipe design. Derivations are pre-
sented for the pressure, temperature, and density relationships
encountered in the vapor flow stream,and tables of sonic limits for
various heat-pipe fluids are included.

— . . . . .
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The heat pipe is a thermal conductance

device which is capable of high heat-trans-

fer rates with essentially isothermal opera-

tion;1 however, it will not perform properly

under all conditions. The operating charac-

teristics of a pipe with a given geometry

may vary from phenomenal to nonfunctional,

and axial temperature drops of several

hundred degrees may occur along the length

of the pipe in some cases. The performance

of a heat pipe depends not only upon the

type of wiclcand working fluid used, but

also to a high degree upon the external

conditions imposed upon it.

The heat pipe is frequently considered

as a simple heat-transfer structure. This

concept visualizes the heat pipe as a

device which:

1. Is simple to construct and
operate.

2. Utilizes latent heat, providing
high heat-transfer rates with
very little mass flow.

3. Transfers heat isothermally.

For thermal control and some special appli-

cations,this simple concept is adequate, but

optimization of heat-pipe performance re-

veals that the dynamics of fluid flow are

very complicated. Under certain operational

conditions:

1. Vapor flow may be molecular or
continuum -- compressible or
incompressible.

2. Vapor velocities may be sonic
or even supersonic.

3. Countercurrent flow of vapor
and liquid, with communication
between flow paths, may result
in interaction between the
vapor and the liquid.

In the design of heat pipes for high heat-

transfer rates, consideration must tiegiven

to these factors, not only at design con-

ditions, but particularly during stal-tup.

A series of tests were made which dem-

onstrate the effects OZ sonic vapor velo-

cities upon the operational and startup

characteristics of heat pipes. Appendices

A and B are included to give a better under-

standing of the internal fluid-flow dynamics

for making appropriate design adjustments

to accommodate for external conditions.
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SONIC VAPOR VELCk21TY

In a cylindrical heat pipe, the vapor

stream accelerates and decelerates because

of the change in mass flow along the pipe.

Mass addition in the evaporator and mass re-

moval in the condenser cause variations in

the vapor stream velocity similar to those

of the flow in a converging-diverging noz-

zle. Velocity variations in a converging-

diverging nozzle result from a constant

mass flow through a variable area,whereas

in a heat pipe, velocity variations result

Crom a variable mass flow through a con-

stant area. The pressure decreases in the

converging section of the nozzle,with a

resulting increase in velocity (see Fig. 1).

In the diverging section, the velocity can

increase further and become supersonic, or

a recompression of the gas may occurjresult-

ing in a p~essure recovery and a reduction

of velocity. The amount of pressure re-

covery depends upon the magnitude of back

pressure. Curve A shows a subsonic flow

with a baclcpressure,Pa. The pressure de-

creases in the convergent section with an

increase in velocity up to the throat. In

the divergent section, a pressure recovery

occurs with a decrease in velocity. If the

baclcpressure is lowered to ‘b‘ the velo-

city becomes sonic at the throat and the

maximum mass flow rate is attained. This

is considered the critical,or choked,flow

condition, and further reduction of the

back pressure vJillnot increase the flow

rate. When the pressure is reduced to Pc,

the velocity in the divergent section be-

comes supersonic and pressure recovery is

often in the form of a shoclcfront. There

is one value of back pressure, Pd, for a

piven area ratio which results in a con-

tinuous acceleration of the gas over the

length of the divergent section; decreasing

the back pressure below this value has no

effect upon conditions in the nozzle section.

The vapor flow in a cylindrical heat

pipe is quite similar to the flow character-

istics encountered in a converging-diverging

nozzle. Very high velocities, choked flow,

and pressure recovery are evident in heat-

pipe operation and are a function of heat

input and rejection rates. These flow

characteristics in heat pipes have been dem-
2onstrated experimentally by Kemme with a

sodium heat pipe. The results of this test

are shown in Fig. 2 with a plot of tempera-

ture vs heat-pipe length. Heat-pipe wall

temperatures were plotted rather than pres-

sure because, in heat-pipe operation, tem-

perature is the main parameter of concern

and, because a two-phase system exists, the

temperature and pressure profiles are iden-

tical. A constant heat input of 6.4 kW was

supplied to the evaporator section,and heat

rejection was controlled by varying the

helium-argon mixture in the gap of’a water-

cooled calorimeter. Curve A demonstrates a

subsonic flow condition with a slight tem-

perature recovery in the condenser. The

temperature dropped along the evaporator

section as the vapor stream was accelerated

due to mass addition by evaporation. When

the condenser temperature was lowered

(Curve B) by increasing the heat-rejection

rate, the evaporator temperatures were also

lowered, the vapor velocity at the exit

became sonic,and critical or cholced-flow

conditions existed. Increasing the heat-

rejection rate further only lowered the

condenser temperature because the heat-trans-

fer rate to that section could not be in-

creased due to the existence of choked flow.

The change in condenser temperature had no

effect upon the evaporator temperatures

because the vapor was moving at the speed

of sound at the evaporator exit and changes

in condenser conditions could not be trans-

mitted upstream to the evaporator section.

This demonstrates the sonic limit of a heat

piPs. At this limit there is a maximum

axial heat-transfer rate due to cholcedflow

and a fixed axial temperature drop along the

evaporator associated with any given evapor-

ator entrance temperature.

Although the flow dynamics of the heat

pipe are quite similar to those of the

converging-diverging nozzle, the expressions

.

.

*
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for predicting the quantitative pressure,

temperature, and density changes in the flow

stream are somewhat different. The deriva-

tion of the expressions for heat pipes

should be based upon flow with constant

cross-sectional area and mass addition. A

one-dimensional flow analysis based upon

these assumptions (see Appendix A) gives

the following relationships for pressure,

temperature, and density changes of the

vapor in the evaporator section:

(1)

(2)

(3)

where

P. =

P1 =

To =

T1 =

P. =

~1 =

k =

hI =

static pressure at evaporator
entrance,

static pressure at evaporator
exit,

stagnation temperature of vapor
at evaporator entrance,

average temperature of vapor
stream at evaporator exit,

vapor density at evaporator
entrance,

vapor density at evaporator exit,

ratio of specific heats,

Mach number of vapor flow.

For monatomic fluids at sonic velocity

(M= 1; k = 1.667)

P.
— = 2.667 ,
‘1

To
—= 1.333 ,
‘1

F’.
—=
Pl 29

#

At high vapor velocities there is a

large radial temperature variation across

the vapor stream so the average vapor tem-

perature, Tl, does not indicate the tempel”-

ature of the vapor at the Wall, TIV1. How-

ever, the static pressure of the vapor is

essentially constant across the strcm so

that Twl at the evaporator exit calLtic

estimated by using llq. (1) to calculate “tile

static pressure at this point. Usei’ul

graphs to determiue this pressure at the

evaporator exit for sonic and subsonic

velocities are shown in Figs. As aud A6 ~

Appendix A. With the aid of appropriate

saturated-vapor tables, the vapor tempera-

ture corresponding to this pressure can be

determined. This estimated temperature is

a close approximation of the wall tempera-

ture at the evaporator exit and is readily

measured in experimental tests. The major

difficulty is determining the exact loca-

tion

flow

of the exit.

The uximum heat-transfer rate at sonic

can be calculated by Levyts equation:
3

Qc poVsL
~=

2
)

(k+1)

where

Q;=

P. =

V6 =

L.

k =

Tables of

maximum axial heat transfer per
unit cross-sectional area with
cholcedflow,

vapor density at evaporator
entrance,

sonic velocity based upoa
stagnation temperature, T

o*
heat o.Cvaporization,

ratio of specific heats.

the sonic limits for various heat-

pipe fluids are listed in Appendix B.

Increasing the heat-reJection rate

beyond the sonic limit lowers the condenser

temperature, induces supersonic vapor flow,

and creates very large axial temperature

gradients along the pipe but does not in-

crease the heat-transfer rate. Consequently,

when a heat pipe is operating with low vapor

densities and hi@ vapor velocities, iso-

thermal operation is not possible.

In another experiment, Kemme2 also

demonstrated the behavior of this sodium

pipe during startup. The axial temperature

dif~erences along the evaporator section

were in close agreement with calculated

3
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l?ig.1. Pressure profiles in a converging-diverging nozzle.

values for sonic flow. When sufficient con-

tinuum flow reached the condenser end of the

pipe to start raising its temperature, the

evaporator entrance temperature gradually

moved away from the sonic curve,indicating

a decrease in vapor velocity and an increase

in vapor density. Eventually the tempera-

ture drop along the evaporator approached

zero,and isothermal operation was achieved.

This indicates that a startup with sonic

vapor flow is possible with carefully con-

trolled heat input and rejection rates.

However, there are some heat-pipe applica-

tions where the pipe might have to start up

with full design heat input and a closely

coupled heat sinlc,whichcould malcestartup

difficult or,in some cases,impossible. 4

I@evaporator condensi +

@~thwmooouplos+W w m w
Jest Input- 6.4 kw

680- -
,0 @

I
660- -

Q___ ,
: /“

(Q
: - -’ I.

0
~ 640 -

4t

:

~ 020” - \

600. - va~or
I!Q!E \

___ -

.

Fig. 2. ‘N3mperatureprofiles in a heat pipe.
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STARTUP TESTS WITH A MERCURY HEAT PIPE

Heat-Pipe Construction——

To study the startup problems encoun-

tered with heat pipes, several tests were

made under d~fferent conditions with a mer-

cury heat pipe. The heat pipe was a .600-

in.-o.d. tube, 19-5/8 in. long, and con-

tained a wiclcstructure consisting of three

layers of 100-mesh screen. Closure of the

pipe was made by welding end caps into each

end; one of the caps was equipped with a

l/4-in.-o.d. tube which was connected to a

bellows valve for loading and sealing the

pipe. All parts of the pipe were made of

stainless steel and had been outgassed at

1000”C before assembly.

Heat to the pipe was supplied by a

helical Nichrome wire, enclosed in insulator

beads and wound around the evaporator over

a length of 7 in. The winding was sur-

rounded by a 2-in.-o.d. tube filled with

insulation and sealed at the ends with

alundum cement. Three thermocouples were

attached to the heater winding to monitor

heater temperature, and seven thermocouples

were spot-welded along the length of the

pipe, as shown in Fig. 3,to indicate heat-

PiPe temperatures. Heat was rejected to a

water-cooled, gas-gap calorimeter fitted

GM&M

w

with a AT meter across the inlet and outlet

connections to provide heat-balance measure-

ments. The gas gap was fitted with a fine

capillary tube so that helium could be fed

into the gap to replace the air,which in-

creased the thermal conductivity and heat-

re3ection rate. The pipe was loaded with

mercury as the working fluid plus magnesium
5

and titanium additions to promote wetting,

was evacuated, and sealed by closing the

bellows valve. After wetting-in at 500°C

for two days, the pipe was fitted with the

heater, thermocaples, and calorimeter.

Test Procedure

Tests were made under four different

conditions to demonstrate the factors af-

fecting startup:

‘1’bSt1 -

Test 2 -

Test 3 -

Test 4 -

Helium in calorimeter gap.
Pipe evacuated.

Air in calorimeter gap.
Pipe evacuated.

Helium in calorimeter gap.
Noncondensable gas in pipe.

Pipe evacuated.
Calorimeter removed.
Heat re~ection by natural

convection .
Constant heat input,300W.

For Tests 1 through 3, the pipe was grad-

ually heated to various temperature levels

1 l~TMETE~

1-1 I
19:”

Fig. 3. Heat-pipe assembly for startup tests.
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until the maximum temperature was reached.

At each level, temperature equilibrium was

established before talcingreadings and pro-

ceeding to the next level. For Test 4, the

calorimeter was removed so that a low heat

rejection rate could be obtained with only

natural convection. More thermocouples were

used,and the thermocouple spacing was re-

arranged to provide a more accurate picture

of the temperature profiles, particularly

at the condenser end of the pipe. With the

pipe at room temperature, a constant power

input of 300 W was applied to the evapora-

tor and temperature gradients recorded at

various time intervals.

Results

Test 1

This test

a heat pipe to

heat-rejection

heat sink. As

demonstrated the failure of

start up because of a high

rate with a closely coupled

shown in Fig. 4, it was not

possible to raise the temperature of the

condenser section of the pipe by increasing

the powI3rinput. The high heat-removal

rate resulted in low vapor densities, sonic

I
400.-

300. -

c
a

?.00 .

100 -

M 1“ co Iorllmt” gap.

plsowoeUOI*4.

o-

d

xIc R,* I
M Flow

Fig. 4. Startup failure due to entrainment.

vapor velocities, and molecular flow toward

the end of the condenser. ~is is the

sonic limit of a heat pipe which results in

choked vapor flow and limited heat transfer

to the condenser section. When the heat

input was increased to 250 W, interaction

between the liquid and vapor at these high

vapor velocities eventually swept liquid

out of the wick structure, causing the evap-

orator to dry out and overheat as indicated

by Thermocouple 1. This condition is the

entrainment limit and causes heat-pipe fail-

ure. Entrainment is a function of the ratio

of inertial vapor forces and liquid surface

tension forces

where

Pv =

v-

A=

6=

When this

pvva
~’

vapor density,

vapor velocity>

a characteristic length dependent
upon the wick structure

liquid surface tension.

ratio exceeds unity, the inertial

forces predominate and liquid droplets are

swept out of the wick structure. It iS

often possible to hear droplets impinge on

the condenser end when this limit occurs.

Although the pipe could operate properly rLt

design conditions, entrainment would cause

failure during startup,and operating design

conditions could not be achieved with a

closely coupled high-heat-removal system.

The possibility of entrainment failul.ecan

be reduced by altering the design of the
6wick structure to reduce A. As shown in

Appendix B, a mercury heat pipe has a sonic

heat-transfer rate of 20.8 MV at 400”C but,

during startup, the pipe must pass through

temperature regions where

rates are very low, e.g.,

Test 2

Another test of this

heat-transfer

15 W at 120”C.

pipe was made

under similar conditions except that the

heat-rejection rate was lowered by reducing

the coupling of the heat sink with air in

the calorimeter gap. In this case, a suc-

.
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cessful startup was achieved even though the

pipe operation passed through the sonic

regime with choked flow and a limited heat-

transfer rate. The heat-rejection rate was

low enough for the condenser end to grad-

ually heat up with a corresponding increase

in vapor density and a reduction of vapor

velocity at the evaporator exit. This en-

abled the pipe to move through the sonic-

limit regime and come up to temperature as

shown in Fig. 5. No operating limit was

reached,and almost complete temperature re-

covery was obtained at the condenser end.

The pipe could have been operated at much

higher heat-transfer rates once it was up

to temperature by gradually increasing the

heat input and increasing the heat-sink

coupling by substituting helium in the cal-

orimeter gap.

Test 3

The effect of a noncondensable gas on

the startup dynamics of a heat pipe was

demonstrated in this test. Instead of being

completely evacuated, the pipe contained a

small amount of noncondensable gas. The

\I ltwme.c.nJpla, /

111-+-

JK
z

?.00 90

40

40

H

Fig. 5. Successful startup with reduced
heat-sink coupling.

presence of the gas effectively reduces the

heat-rejection area and lowers the vapor

velocity. The axial temperature drop along

the evaporator is reduced, resulting in a

higher vapor density at the evaporator exit

and vapor velocities well below sonic. This

produced a startup in the form of a wave

front moving along the pipe as the heat in-

put is increased (see Fig. 6). As the pipe

temperature gradually increased, the gas

was compressed more toward the end of the

pipe and, at 1060 W, the pipe operation was

essentially isothermal except for a small

section at the end of the pipe due to the

gas pocket. There was also a slight temper-

ature recovery at Thermocouple 6,which is

different from the type of pressure recovery

in a converging-diverging nozzle. This type

of recovery is a stagnation condition where

kinetic energy is converted into heat because

the heat pipe is a closed-end system while

the nozzle is an open-ended system. With the

noncondensable gas in the pipe, a successful

startup was achieved even though the heat

sink was closely coupled with a high heat–re-

400

-kd 6
000

7

I -W In colorlmgter W.

Hem-condenaabla aos
n 9.

Fig. 6. Startup with noncondensable gas
in pipe.
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jection rate. No heat-pipe limitations were

encountered and operation was essentially iso-

thermal up to the limit of the power supply.

Test 4

In this test, a transient-state startup

was made to observe the temperature recovery

in a heat pipe with supersonic vapor velo-

cities during startup from room temperature

with a constant heat input of 300 W to the

evaporator. The temperature gradients, as

a function of time, are shown in l?ig.7.

Although the vapor velocity was supersonic

and choked vapor flow existed at the begin-

ning of startup, the pipe passed through

this regime and reached an isothermal oper-

ating lovcl. This occurred because the

heat-re~ection rate was very low and,even

with choked flow, there was sufficient con-

tinuum vapor flow to start temperature re-

covery at a relatively low temperature.

Under these conditions the pipe was able to

rise in temperature, with an increase in

vapor density and a subsequent decrease in

vapor velocity, before entrainment could

cause failure. Although the heat input was

hi~her than that which caused failure in

Test 1, a successful startup was achieved

because the heat-rejection rato was very

low.

STARTUP @ WATER HEAT PIPES

There is seldom any difficulty in

starting up water heat pipes becauso of tho

relatively high vapor pressure of Water at

normal ambient temperatures. ‘rimhi@l vapor

density, associated with the high vapor

pressure, and the high latent heat of vapor-

ization of water result in a sonic-limit

heat-transfer rate of 1 I:Vat 20”C. Bocauso

the design heat-transfer rate for many water

heat pipes is only a fraction of this limit,

the vapor velocities during startup are

quite low and startup failures due to en-

trainment are not normally encountered.

Another advantage of water as a working

fluid is that at normal temperatures it is

a liquid and does not require melting be-

fore fluid return to the evaporator can

occur. Under certain conditions, however,

it is possible to start up a water heat

pipe from subzero temperatures with all

the fluid in tho frozen state. Starting up

under these conditions may not seem typical

of normal conditions, but it is of interest

because most of the higher-temperature heat

pipes have worlcing fluids that remain solid

well above ambient temperatures. Startup

of these high-temperature pipes is similar

to the startup of a water pipe from subzero

temperatures. A startup from the frozen

state is a function primarily of the hoat-

rejection rate at the condenser. The re-

jection rate must be low enough to enable

the heat which is transferred to melt the

fluid in the condenser and allow liquid re-

turn through the wick structure before the

evaporator is depleted of fluid. A small

amount of noncondensable gas in the pipe

also aids in the startup by retarding the

vapor flow so that the melting of the solid

is done progressively along the pipe. This

type of startup was demonstrated by a test

in which a water heat pipe was cooled to

-65°C in a VaCUUM ch~~ere With the pipe
l?ig.“i. Transient-state startup.
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at -65°C, 10 W were applied to the heater

and temperatures were recorded at various

time intervals as shown in Fig. 8. Even

when all the water was frozen, heat was

transferred along the pipe by sublimation.

However,because the wick contained ice,

there was no fluid return to the evaporator

to replace the sublimed fluid. This was

apparent from the rapid rise in heater tem-

perature until Stations 1, 2, and 3 rose

above the ice melting point. Water was

then wicked into the heater area,and the

temperature rise was arrested. This water

was rapidly evaporated,and the vapor formed

flowed to the end of the condenser where it

again became ice. As a considerable por-

tion of the total fluid was still ice,

there was insufficient liquid flow into the

heater area to prevent it from drying out

and the temperature of this section again

rose rapidly to 104”C. When the full

length of the pipe was above the melting

point, water could again wick into the

heater area and the temperature of the

heater dropped suddenly to 44”C. The pipe

d
100

20

00’-

70--

●0.-

20--

40--

I
u

-I*-

-20- -

W- -

-46 -

-2& -

20’ -
+

Fig. 8. Subzero startup of water heat
pipe.

then started to operate normally and gradu-

ally became isothermal. The StartuP was in

the form of a temperature wave front moving

along the pipe creating a transient temper-

ature gradient. This was due to a small

amount of noncondensable gas in the pipe

which retarded the vapor flow and produced

a variable heat-rejection area allowing the

pipe to come up to temperature gradually.

The gas was pushed toward the end of the

pipe as the temperature increased and, at

equilibrium temperature, was compressed in-

to a very small volume so that no tempera-

ture gradient was apparent. A successful

startup was achieved under these conditions

because heat rejection was by radiation and

extremely low, and the radiation area was

automatically controlled by the presence of

the noncondensable gas.

STARTUP OF ALKALI-METAL HEAT PIPE~

The startup of heat pipes using alkali

metals with melting points well above ambi-

ent temperatures is very similar to the

subzero startup of water pipes. with the

fluid in the solid state, startups are pos-

sible but are very dependent upon the heat-

rejection rate. Many successful startups

of these pipes have been made when heat re-

jection was by radiation; however, a series

of tests made with a potassium pipe with a

closely coupled heat sinlishowed that start-

ups were difficult or impossible,depending

upon the degree of coupling. The tests

were made with a pipe having an annular-

type wick structure and a water-cooled, gas-

gap calorimeter for the heat-rejection sys-

tem. The calorimeter gap was fitted with a

helium supply tube, similar to that used in

the mercury tests, so that the heat-sinlc

coupling could be changed by a factor of

four with air or helium in the gap. Tests

made under different conditions indicated

that, with high heat-rejection rates and a

closely coupled heat sink, it was not pos-

sible to start the pipe. Three types of

startup failures were encountered:

10 Depletion of evaporator fluid by

9



entrainment due to high vapor denser. It is also related to the sonic

velocities.

2. I@cezing of the condensed vapor

p~eventing fluid return to the

evaporator.

3. The pressure drop between the

evaporator and condenser exceed-

ing the capillary pumping force.

The first type of failure was the same

as that.encountered in the mercury heat-

pipe startup tests. The high vapor velo-

cities swept the liquid out of the wick

structure and caused drying out and over-

hC3f2tiIl~ of the evaporator section. The

startup was made slowly with a low heat-re-

jection rate until all the Iluid in the

pipQ was in the liquid state. Helium was

then injected into the calorimeter gap to

produce a high heat-rejection rate which

resulted in hi~h vapor velocities as the

startup procccdcd. Eventually, the high

velocities resulted in sufficient inter-

action between the liquid and vapor to

cause failure. The pipe was sonic-limited

with the higher heat-rejection rate,and the

heat-transfer rate was too low to raise the

temperature of the condenser sufficiently

to decrease the velocity and prevent en-

trainment failure, When the failure occur-

red, impingement of liquid particles at the

condenser end of the pipe was audible.

This type of failure is directly related

to hi@ vapor velocities.

The second type of failure is associ-

ated with the sonic-limit heat-transfer

rate and a high heat-rejection rate. In

this case, the limited heat transfer was

not sufficient to raise the condenser tem-

perature above the freezing point of the

Iluid and the condensing vapor was frozen

out in the wick structure. This condition

prevented fluid return to the evaporator

and eventually caused depletion of fluid in

the evaporator section and heat-pipe failure

731ethird type of failure encountered

was duo to an attempt to start up rapidly

with a high heat-rejection rate at the con-

.

limit because the heat-transfer rate was

not sufficient to raise the condenser tem-

perature. If the temperature of the con-

denser cannot rise, the vapor pressure

remains essentially zero in that section.

A high heat input with a low heat-transfer

rate along the pipe due to choked flow

causes the evaporator vapor pressure to in-

crease rapidly,and~eventually,the Pressure

drop along the pipe can exceed the capil-

lary pumping force of the wiclcStructure.

When this happens no liquid can roturn to

the evaporator. For example, with a wick

pore size of 20p, the total capillary pump-

ing force available is 94 Torr. The vapor

pressuro of potassium at S72°C is also 94

Torr,so,if the evaporator is heated to this

temperature and the condenser section is

maintained at ambient temperature by a high

heat-rejection rate, the capillary force

will be overcome by the vapor pressure drop.

This leaves no pumping force available for

liquid return to the evaporator section,and

a failure will occur.

DISCUSSION

These tests demonstrate that the start-

up and operating characteristics of a heat

pipe are very dependent upon the external

conditions imposed upon it. The startup of

a heat pipe generally involves high vapor

velocities; in many cases the velocity can

be sonic or supersonic. This results in

choked vapor flow and limited heat-transler

rates. The sonic limit in itself is not a

heat-pipe failure,and pipes can be startccl

up through the sonic rcgirnewith no detr.i.-

rental effects. Under certain conditions,

however, the sonic limitation can disrupt

fluid circulation to the extent where cat-

astrophic failure can occur and startup is

impossible. Even thou@ a pipe could per-

form properly at design conditions, it may

not be possible to reach the design 10VC1

unless some method is incorporated to pre-

vent failure during startup.

.
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‘lhereis usually no difficulty in

starting up a pipe designed for applica-

tions where heat rejection is by radiation.

Heat rejection by radiation is a self-

compensating system and automatically con-

trols the heat-rejection rate. At low

temperatures,the heat rejection is extreme-

ly snnll; the condenser section is essenti-

ally insulated during startup and can come

up to temperature even though the heat-

transfer rate may be sonic limited. As the

temperature of the pipe gradually rises,

the heat-rejection rate increases rapidly

because radiation varies as the fourth

power of temperature and,when the operating

temperature is reached, the required heat

rejection rate for design conditions is

attained. Radiation heat rejection can

therefore be considered as a variable

insulation system,and startup difficulties

are not normally encountered under these

conditions.

For other applications where the heat

pipe is closely coupled with a large heat

sink, such as thermoelectric devices, the

startup can be difficult or impossible. In

this case, the startup problem should be

considered in the system design. It may be

necessary to incorporate a thermal barrier

at the heat sink similar to the gas-gap

calorimeter,and, although this would re-

quire the pipe to operate at higher temper-

atures, it may be necessary to provide a

successful startup.

me method to aid in the startup of

heat pipes is the addition of a small

amount of inert, noncondensable gas such as

argon. The gas has an effect similar to

that of radiation heat rejection because it

controls the heat-rejection rata and allows

the pipe to gradually come up to tempera-

ture. This method is quite feasible for

pipes with homogeneous wiclcstructures but

may cause problems with composite wicks.

If any of the gas gets trapped in the liquid

return path,it can migrate to the evaporator

section and reduce or possibly eliminate

the capillary pumping force.

There is no single solution to startup

problems. Each application of heat pipes

should be evaluated with regard to the

startup dynamics as well as operating per-

formance. If a startup problem does exist

this must be considered in the system de-

sign with the solution depending upon the

sonic limitations, the degree of heat sink

coupling, and the external conditions to

which the pipe is exposed.

ACIWOWLEDGhLENTS

The assistance of A. G. Vaughan and

J. R. Markham, LASL Group N-5, in the fabri-

cation, welding, and assembly of the heat

pipes used in these experiments is grate-

fully acknowledged.

11



A-

c-V

CP -

f-

11-

llL-
h.-

11:-

h“A -AC
ii -

Ii -

p -

Q-

It-

T-

v-

‘L -
V -

VI -

w -L
z-

P-

APPENDIX A

A ONE-DIMENS1ONAL, COMPRESSIBLE-FLCWlHEAT PIPE ANALYSIS

NOMENCLATURE

cross-sectional area of vapor passage.

vapor specific heat at constant volume.

vapor specific heat at constant pres-
sure.

friction factor.

specific enthalpy of vapor.

specific enthalpy of liquid.

specific cnthalpy of saturated vapor.

specific enthalpy of saturated liquid.

enthalpy of vaporization (latent heat).

ratio of specific heats of vapor.

Mach number of vapor.

static pressure of vapor.

heat transfer rate.

gas constant.

absolute temperature of vapor.

vapor velocity.

liquid velocity

molecular weight.

vapor mass flow rate.

liquid mass flow rate.

axial coordinate.

vapor density.

Subscripts and Superscript....— —-— .—

o- evaporator entrance, stagnation
station.

1- evaporator exit station.

*- sonic conditions.

s- saturation temperature.

INTRODUCTION

To develop useful relationships for

pressure, temperature, and density changes

encountered in the fluid circulation of

heat pipes, the following analysis was de-

veloped bascciupon a one-dimensional flow

mode1. The results can also be obtained

from a Ventral fluid flow development;7 how-

ever, this analysis dcrivos the relationship

irom basic principles applied directly to

heat-pipo dynamics in an attempt to clarify

the significance of the resulting expres-

sions as applied to heat-pipe performance.

1-●--l--n- --J
Fig. A-1. Schematic of heat pipe.

EVAPCRAT~ PRESSURE, TEBiPERA~E, AND
SITY RATIOS— .—

A schematic representation of a heat

pipe with control volumes for the evapora-

tor and condenser regimes, indicated by

dashed lines, is shown in Fig. A-1. The

control surface is considered to be the

vapor side of the vapor-liquid interface,

and the cross-sectional area of the vapor

passage is considered to be constant.

The evaporator pressure ratio Po/Pl

can be determined by a force-momentum bal-

ance in the evaporator”Contl”olvolume. For

relatively high evaporation rates,inertial

effects will dominate and frictional olfects

may be neglected. As indicated in Fig. A-2,

the net force on the control volume in the

z-direction iS (PO-P1)A. The momentum

transport in the z-direction at the up-

stream end of the evaporator (Section O) is

zero, and at the downstream end (Section 1)

is (plAVl)V1. The evaporated liquid cross-

ing the circumferential portion of the con-

trol surface does so normal to the surface

and, therefore, has no z-component of mo-

mentum. Setting the net force in the

o—.— -.— ——— —-
1 &(fiA~)~

CA+ +~A
I

O1––––-––––-;
—z I

Fig. A-2. Evaporator control volume for
force-momentum balance.

.

.
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.

z-direction equal to the net efflux of mo-

mentum in the z-direction yields

or

PO-PI

If the vapor is

equation of state of

P=

and

?*-Pll

assumed to obey

a perfect gas,

pRT ,

‘p-’% - ‘0

(1)

the

(2)

(3)

The velocity of sound in a perfect gas is

given by

v*=Jm!.

The Mach number is defined as

M = v/v*.

Using Eqs. (2), (4), and (5),

be modified as follows:

P. IY1~ @cRTl
_.-l=T=
‘1 RT1

or

P.

q=
l+k<.

The maximum possible velocity

(4)

(5)

Eq. (1) my

=k$l,

(6)

which can be

developed at the evaporator exit is the

sonic velocity (111= 1). This is analogous

to the maximum velocity which can be de-

veloped at the throat of a nozzle. Thus,

the maximum evaporator pressure ratio,

which corresponds to sonic flow at the exit,

is

P.

~ =l+k.
.

(7)

J.

If k is evaluated corresponding to the

temperature at Section 1, Eqs. (6) and (7)

are valid irrespective of any variation in

k along the evaporator.

The evaporator temperature ratio T~Tl

can be determined from an energy balance on

the evaporator control volume. It is as-

sumed that worlcdone by shear forces on the

control volume, heat transfer to the vapor

in the control volume by conduction and

radiation, and the kinetic energy carried

into the control volume by evaporated liq-

uid may all be neglected compared to the

enthalpy of the evaporated liquid. In addi-

tion it is assumed that the evaporated liq-

uid enters the control volume at a uniform

temperature equal to the temperature To

at the upstream end of the evaporator.

Assuming a constant specific heat Cp, the

energy transport rate across the circum-

ferential control surface due to evaporated

llquid will then be W(CPTO). The energy

transport across Station O will be zero and

across Station ltillbe W(CpTl+ ~/2),

which is the enthalpy transport plus the

kinetic energy transport. These energy

flows are depicted in Fig. A-3.

For steady-state conditions, the energy

balance is then

W(CPTO) ‘w(cpTl+ I&2) ,

which may be rearranged to give

T <
2=1+T. (8)
‘1

Using Eqs.

Station 1,

follows :

(3), (4), and (5) evaluated at

Eq. (8) may be modified as

To 1~ lCR T1 h~ k (CP-CV)
=1+ =1+2C

T
>

2 cpTl P

or

To

q=
l+~lf. (9)

The maximum evaporator temperature ratio

corresponding to

(Ml - 1) is

sonic flow at the exit

~+~=ya (lo)

o 1- 1

I
——— —— — ——— —

I
I

-+- “(VI++’
1

/-
I— ——— — — _ _. __

I dw.) I
o I

Fig. A-3. Evaporator control volume for
energy balance.
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With regard to the equation of state of

vapor, Eqs. (9) and (10) depend, in the

strict sense, only on the assumptions that

CP
is constant and that the vapor obeys

the perfect gas laws. However, the assump-

tion of c constant for a perfect gas

implies th~t Cv, and therefore k, W, and

R will all be constant.

The evaporator density ratiO, Po/PIS
can now be computed. From Eq. (2),

P. p. T1
—E—
P1 ‘1 ~“

Substitution from Eqs. (6) and (9) results

in

P. 1 + k b{;

q“
7 (11)

(1++<)

for the density ratio. At sonic conditions

(Ml = 1),

The density

independent

P.
T =2. (12)
P1

ratio for sonic conditions is

of K.

It is of interest to note that the

various property ratios that are applicable

for the one-dimensional model of the vapor

flow in a heat-pipe evaporator section are

summarized in Table ti.3,p. 239 of VO1.I of

the well-lcnownwork on compressible flow by

A. H. Shapiro.
‘t

The appropriate column to

utilize is the one headed “Gas injection

only, y = O, dA = O, d’l?o= 0, f - 0:’ This

heading implies the following conditions

and assumptions:

i) y = O, gas injection normal to
main flow stream, no axial
velocity component.

ii) dA = O, constant flow cross-
sectional area.

iii) dT_ = O, no change in stagnation
u

iv) f-o,

temperature, and neglect
of kinetic energy carried
into main stream by the
injected gas.

neglect frictional effects.

These are identical to the assumptions

utilized in the preceding derivation.

of the three vapor Properties> Pres-

sure, temperature,and density, onlY the

pressure will be very nearly uniform across

the cross section in a heat pipe. The quan-

tities Tl and P= as determined from Eqs.

(9) and (11) must be regarded as approxi-

mations to the average vapor temperature

and density existing at the evaporator exit

of a heat pipe.

Direct measurements of the vapor prop-

erties in an operating heat pipe are diffi-

Cult. However, with a short insulated

section just upstream of the evaporator and

another insulated section between evaporator

and condenser, thermocouples attached to

the pipe wall at these sections will indi-

cate temperature closely approximating the

local liquid-vapor interface saturation

temperature Tos and Tls. Because stagna-

tion conditions exist at the upstream end

of the evaporator, properties are uniform

across the cross section and To = Tos.

However, the temperature distribution across

Section 1 is not uniform. Hence, Tl ~ Tls.

One may proceed by taking P. and PI to

be saturation pressures evaluated at To~

and Tls. The Mach number) M1~ and estimates

of the average vapor temperature and density

at the evaporator exit may then be calcula-

ted from Eqs. (6), (9), and (ll)$resPec-

tively. In calculating PI, from Eq. (11),

P. iS ts.kenas the saturation density cor-

responding to To. For sonic flow at the

evaporator exit,Eqs. (7), (lo)~ and (12)

apply.

Calculation of the Heat Rate Including the
sonic Limit

The heat rate to the evaporator section

of the heat pipe can be evaluated in terms

of flow conditions at evaporator Station 1

by an energy balance on a control volume

enclosing the entire evaporator section

including the metal envelope, the liquid-

filled wick structure, and the vapor region

(see Fig. A-4). In the heat-pipe regime as

.

.

.,

.



.

0
—.———— —— —-

1

wick structure

o I

Fig. A-4. Evaporator control volume for
heat-transfer-rate calcula-
tions.

defined by Cotter,
1
axial temperature

gradients will be relatively small so that

axial conduction in vapor, liquid-filled

wiclcstructure, and metal envelope are

neglected. Thus, for steady-state condi-

tions the energy balance illustrated in

Fig. A-4 is given by

Q=Wl (hl+3- ‘., (h%+9 ‘

or, since by conservation of mass for the

control volume

WI - P1 A Vl,

Q=plAVl

The difference

of Fig. A-4, WI ‘ ‘L1’ ‘d

in kinetic energy between

vapor and liquid will be negligible com-

pared to the enthalpy difference. Further-

more, consistent with the one-dimensional

model for the vapor flow, the specific

enthalpy of the vapor will be equal to the

saturation enthalpy because the vapor is in

equilibrium with the liquid at the vapor-

liquid interface. Due to the radial beat

conduction through the liquid, it will be

superheated at points away from the vapor-

U.quid interface. However, this superheat

will almost always be small enough so that

no significant error is introduced if the

specific enthalpy of the liquid is also

assumed to be the saturation value. Thus,

we have for the heat rate in terms of con-

ditions at the evaporator exit,

Q = PI AV1 (hgl- hfl) = (Pl AVl) hfgl ● (13)

A useful relation ~ Particularly for

the heat-pipe experimentalist, can be

obtained for the heat rate as a function of

the evaporator pressure ratio. Introducing

the Mach number into the basic heat rate

Eq. (13) results in

Q=plAM1mlhfg

From this point on,the Subscript 1 will be

omitted from the enthalpy of vaporization,

hfg’ since it is not a strong function of

temperature. However, it should be lceptin

mind that it is best to evaluate it cor-

responding to the saturation temperature at

Station 1.

If T1 and PI are replaced utili-

zing Eqs. (9) and (11),respectively, one

obtains

l+~g
Q = Ml P.

l+kh!:

Solving Eq. (6) for Ml

(14) gives

A-. hfg . (14)

and substituting in

poA ~ hfg , (15)

for the heat rate in terms of the stagna-

tion conditions at the upstream end of the

evaporator and the evaporator pressure

ratio.

The heat rate corresponding to sonic

conditions at the evaporator exit can now

be obtained from Eq. (14) by setting Ml = 1,

or from Eq. (15) by setting Po/Pl = 1 + k.

In either case, the result is

P. A- hfg
Q* =

J2Z ‘

( 16)

for sonic limiting heat rate in terms of

stagnation conditions at the upstream end

of the evaporator. Reasonably good measure-

ments of To are not too difficult to ob-

tain; PO is then taken as the saturation

density corresponding to To.
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The square-root term in the numerator

on the right-hand side of Eq. (16) is the

velocity of sound corresponding to condi-

tions at the upstream end of the evaporator
*and may be represented as V . ThUS, Eq.

(16) is often written in the”form

(17)

This equation was first introduced by Levy.3

However, his derivation required the as-

sumption of uniform mass injection (of

evaporated liquid)plus the requirement that

2(h-h~+ ~-~<< &(kl)+2

2CPT
, (18)

where h is the enthalpy of the main vapor

stream, h is the enthalpy of the evapo-

rated liqufd (saturated), and Vn is the

normal velocity of the evaporated liquid

entering the vapor stream. The derivation

outlined here shows that the equation is

valid also for the assumption that the

evaporated liquid enters the vapor stream

at To, without the e::plicitrequirements

of uniform mass injection and the inequality

expressed in Eq. (18). Either set of as-

sumptions will be reasonable for most heat-

pipe situations. The assumption used here

has the advanta~e that it results in a

simpler, more straightforward derivation.

Experimental verification of Eq. (16) has

been provided by Kemme.2

Convenient dimensionless forms for Eqs.

(14) and (15) can be obtained by dividing

thcm by Eq. (16). In this way one obtains

Q
Ml d2(k+l) (1 + + <)

- ——
T l+k~l

(19)

for the heat.rate as a fraction of the

sonic limiting heat rate in terms of the

Mach number at the evaporator exit, and

for the heat-rate fraction as a function of

the evaporator pressure ratio.

Again, it is of interest to note that

Eqs. (19) and (20) can be obtained fairly

directly utilizing Table 8.3 in Shapiro.7

First, the heat rate for a specified condi-

tion at the evaporator exit may be written

as Q = w. h_. For sonic conditions Q* =

*h
‘1 fg” ~IU~; WQ*= ~ ;w /w . Table 8.3

gives the ratio wl/w~ directly as a func-

tion of Mach number. For the case of ‘tgas

injection only, y = O,!rthis function IS

identical to the right-hand side of Eq.(19)

and Eq. (20) may then be obtained by

substituting for Ml in terms of Po/P1

utilizing Eq. (6) or its equivalent obtain-

ed utilizing Table 8.3 of Ref. ‘7.

Equations (19) and (20) arG plotted

in Figs. A-5 and A-6 for both monatomic

vapors (1c= 5/3) snd diatomic vapors (k =

7/5). It can be observed that Q/Q* is

not strongly dependent on lC over this

range. For Mach numbers less than about

0.3,compressibility effects may be reason-

ably neglected. Figure A-5 shows that this

will correspond to heat rates up to about

60$ of the sonic limiting heat rate.

Figure A-6 is useful for comparison

with experimental results. Kemme2 obtained

good agreement with Eq. (19) for sodium and

cesium heat pipes. Note that the heat rate

is relatively independent of the pressure

ratio as the sonic limit is approached.

For instance, at a pressure ratio of 1.6,

which is 60$ of the maximum pressure ratio

for a monatomic vapor, the heat rate al-

ready exceeds

heat rate.

90$ of the sonic limiting

.

(20)
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APPENDIX B

SONIC LIMIT TABLES FOR

\Yater

Mercury

Cesiun

Potassium

Sodium

Lithium
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